The character and progression of gross and light microscopic central nervous system lesions associated with a hereditary neurodegenerative disease with juvenile onset are described in ten affected Kerry blue terriers. The central nervous system lesions were progressive and, although there was some variability, followed a relatively well-defined temporal course. Degeneration of Purkinje cells in the cerebellar cortex was evident at the onset of clinical signs (approximately 4.5 months of age). After two weeks to one month of clinical illness, retrograde transsynaptic neuronal degeneration occurred in the olivary nucleus. Degeneration of both large and small neurons in the caudate nucleus began approximately two to three months after the onset of clinical signs, and by seven to eight months of clinical illness, the caudate nucleus was reduced to numerous microcystic cavities and almost was devoid of neurons except for a narrow subependymal zone and the tail of the nucleus. Neuronal depletion in the pars reticularis of the substantia nigra, which was evident after five to seven months of clinical illness, was attributed to an anterograde transsynaptic mechanism of neuronal degeneration. The disease in the Kerry blue terrier is compared with similar neurodegenerative diseases in man. The pathogenesis may involve altered neurotransmitter systems in the cerebellar cortex and caudate nucleus.
In 1946, a multisystem neurodegenerative disease with juvenile onset was described in a male Kerry blue terrier [32] . It was not until 1976 that the hereditary nature, clinical course, and neuroanatomic spectrum oflesions were described [13] . Pedigrees of nine affected Kerry blue terriers indicated simple autosomal recessive inheritance. Clinical signs began between nine and 16 weeks of age and were characterized by ataxia and dysmetria with spasticity and head tremor. Neuronal degeneration was detected in several areas of the brain including: cerebellar cortex, olivary nucleus, substantia nigra, and caudate nucleus [12, 13, 32] . The temporal sequence and severity of lesion development were reported to correspond well with the duration of clinical illness [13] .
Although the neuroanatomic spectrum of lesions associated with this disease in the Kerry blue terrier has been described, knowledge concerning the progression of 
Adult
Control P Fg a, b.c.d Denotes litter of origin; P = perfusion; I = immersion; Bf = 10% buffered formalin; Fg = formol-glutaraldehyde; * = mixed-breed dogs. All other dogs were Kerry blue terriers. lesions in individual areas of the brain is lacking. In addition, the pathogenesis of the disease remains to be determined. As the only recognized naturally occurring hereditary neurodegenerative disease involving the basal nuclei in domestic animals, this disease provides a unique opportunity to investigate the pathogenesis of similar diseases in man. Before this is possible, a more comprehensive understanding of the disease in the Kerry blue terrier is necessary. The purpose of this study was to examine in detail the lesions of the central nervous system associated with this disease and to determine possible mechanisms of lesion development.
Materials and Methods
Ten affected Kerry blue terriers, eight females and two males from four litters and ranging in age from five to 12 months, were included in this study. In addition, one clinically normal middle-aged male Kerry blue terrier and two mixed-breed dogs approximately six months of age served as controls. For reference, the animal numbers, sex, age at the time of euthanasia, duration of clinical illness, type of fixation, and fixatives are given (table I). The clinical signs were observed and a routine physical examination was given to all dogs prior to euthanasia.
Six affected Kerry blue terriers were euthanatized with an overdose ofsodium pentobarbital. Gross examination of all tissues was done and representative samples of nervous and nonnervous system tissues were collected and immersed in 10% neutral buffered formalin. After 24 hours of fixation, the brains and spinal cords were sectioned coronally at O.S-cm intervals and re-immersed in fixative for an additional period of at least three days.
The remaining four affected dogs and controls were anesthetized with sodium pentobarbital, heparinized, and perfused via the brachiocephalic trunk with 12 liters of either 10% neutral buffered formalin or formol-glutaraldehyde [27] over a IS-minute period using a continuous flow peristaltic pump at a pressure of approximately 100 mmHg. The right ventricle was incised to provide return outflow of fixative. Following perfusion, sections of thoracic and abdominal organs and peripheral nerve were removed and immersed in fixative. The carcasses, with brains and spinal cords intact, were placed in a refrigerated room at 4°C for 18 to 24 hours after which time the brains and spinal cords were removed, sectioned coronally at 0.5em intervals, and immersed in fixative.
Representative sections from all regions of the brain, spinal cord, and peripheral nerve were processed, sectioned at 6 ILm, and stained routinely with hematoxylin and eosin. Special stains and impregnation procedures were used as required. Non-nervous system tissue examination was the subject of a separate study.
Results
All affected Kerry blue terriers began demonstrating clinical signs between 4.5 and 5.5 months of age. Clinical signs were characterized initially by a base wide pelvic limb ataxia accompanied by prominent hypermetria (overstepping) of the hind limbs. When running, the rear limb movements were coordinated poorly with those of the forelimbs and the dogs would stumble and fall repeatedly. As the disease progressed, forelimb movements became hypermetric and there were side-to-side and forward and backward swaying movements when standing in a stationary position. The dogs would fall over backward when attempting to stand on their hind limbs. Atrophy of the proximal muscles of the appendicular skeleton and the epaxial muscles of the back and neck was prominent during the later stages of the disease.
Before describing the gross and light microscopic lesions of the central nervous system, a brief statement concerning the format to be followed is necessary. The central nervous system lesions of affected Kerry blue terriers could be grouped conveniently into three stages based upon their severity and distribution. The different stages of lesion development also corresponded well with the duration of clinical signs. The central nervous system lesions of all affected dogs, categorized by stage, are summarized in table II. The following description of lesions follows the temporal sequence of lesion development in affected dogs.
Cerebellum.' Gross atrophy (decreased size) of the cerebellum was not appreciated during the early stages of the disease and only by comparing the affected cerebella with a control could lesions be detected in stage 3. During stage 3 the sulci, primarily of the vermis, were prominent and the leptomeninges appeared collapsed and wrinkled over the atrophic folia. On cut surface, the folia were shortened and more tortuous than in controls and the cortex had an indistinct granular appearance.
Microscopic lesions during stage 1were limited primarily to the vermis, paravermis, and associated white matter of the folia and medulla. There was patchy loss of Purkinje cells throughout the vermis and para vermis in one dog (70352) and many of the remaining Purkinje cells had intensely eosinophilic cytoplasm. The dendritic trees of these neurons were more prominent than normal but Nissl substance still was demonstrable. In the remaining dogs at this stage, large areas of the vermis and paravermis were devoid of Purkinje cells ( fig. I ). In all dogs there were status spongiosus and swollen axons in the underlying folial white matter which extended to involve the neuropile of the fastigial nucleus.
During stage 2, the lesions in the vermis and paravermis became increasingly severe and involvement of the lateral hemispheres, and to a lesser extent the flocculus, was evident. There was almost total loss of Purkinje cells from the vermis and para vermis and a mild reduction in the density of the granule cell layer . Many of the remaining granule cells had pyknotic nuclei. There were astrocytosis and hypertrophy of Bergmann's glial processes within the molecular layer. The underlying foliaI white matter was pale and had a loose architectural arrangement. In dog 63464 there were astrocytic scars in the white matter of the vermal and paravermal folia and in the associated medulla and loss of neurons in the fastigial nucleus. Lesions in the lateral hemispheres and flocculus were identical to those in the vermis and paravermis during stage I and consisted of Purkinje cell loss and status spongiosus of the folial white matter. Status spongiosus within the interpositus and lateral nuclei also was present.
In stage 3, the lesions in the vermis, paravermis, lateral hemispheres, and flocculus were more severe and there was early involvement of the nodulus. There was almost total depletion of Purkinje cells throughout the dorsal portions of the cortex. Granule cell loss was marked and astrocytosis accompanied by hypertrophy and proliferation of Bergmann's glial processes in the molecular layer of the vermis and paravermis became increasingly more severe ( fig. 2 ). There was also beginning depletion of granule cells in the lateral hemispheres and flocculus. There was patchy loss of Purkinje cells in the nodulus similar to that of the vermis during stage 1, but in no dog were the lesions in the nodulus as far advanced as those in other areas of the cerebellar cortex.
Olivary nucleus: Gross lesions in the olivary nucleus were detected only in stages 2 and 3. The lesions were bilaterally symmetrical and consisted of darkened foci that were I mm in diameter and roughly circular in the dorso-lateral aspect of this area ( fig. 3 ).
Microscopically, lesions were present in only one dog during stage l. The lesions were bilateral but unequal in severity. The least severe lesion consisted of mild status spongiosus of the neuropile within and surrounding the dorsal accessory olive and dorsal lamina of the nucleus olivaris. Several neurons in these nuclei were chromatolytic. In the contralateral nuclear complex the lesion also involved the same area but was considerably more severe. Many neurons were chromatolytic and there were astrocytosis and fragmentation of the neuropile ( fig. 4 ).
During stage 2, the dorsal accessory olive and nucleus olivaris were depleted severely of neurons and there was beginning cavitation of the nucleus. Fibrous astrocytosis (scarring) of the nucleus also was present.
The lesions of stage 3 were similar to stage 2. Cavitation and fibrous astrocytosis were more severe in two dogs. In dog 64015, the lesions had a slightly different character. There was depletion of neurons, but instead of cavitation the neuropile had a dense sclerotic appearance. Occasional astrocytes had vacuolated cytoplasm and there was mild to moderate astrocytosis.
Basal nuclei: No gross lesions in the basal nuclei were apparent until stage 2 of the disease. The earliest lesion was an area of pallor in the caudate that involved the entire mid-portion of the head of the nucleus except for a narrow zone bordering the lateral ventricle ( fig. 5 ). In stage 3, there were small cavitations 2 to 3 mm in diameter in the head of the nucleus in dogs R00188 and ROOI89. In dog 64015, the entire body and head of the nucleus were translucent and gelatinous in consistency ( fig. 6, 7) . Even at this advanced stage, a narrow rim bordering the lateral ventricle and the tail of the nucleus were normal. In dog 640 IS, a similar lesion was present in the dorsal aspect of the putamen between the angle of the internal and external capsules ( fig.  6,7) .
'Microscopically, the only abnormality in the caudate nucleus and putamen during stage 1 consisted of prominent intracytoplasmic eosinophilic granules in the large neurons of both nuclei.
In stage 2, the earliest lesion was a relatively well-circumscribed central area in the head of the caudate nucleus corresponding to the lesion seen grossly. The neuropile had a pale, finely fibrillar to vacuolated appearance suggestive of edema. Occasional eosinophilic profiles of degenerating neurons were present. With increased severity, the area of pallor acquired a distinctive hypocellular appearance and arterioles throughout the area were prominent. Both large and small neurons had characteristics of the ischemic cell change ( fig. 8 ). All types of glia were decreased in number and occasional karyorrhectic glial cell nuclei were seen. In dog ROO165, the central area of pallor had increased in size to involve the entire head of the nucleus except for a narrow zone bordering the lateral ventricle. Angular eosinophilic profiles of degenerating neurons were scattered throughout the area. A large central area was distinctively hypocellular, had prominent vasculature, and was surrounded by a hypercellular zone containing gitter cells and fibrous astrocytes ( fig. 9 ). The only lesion detected in the putamen consisted of intracytoplasmic eosinophilic granules in neurons that also occurred in stage 1.
During stage 3 there was almost total depletion of large and small neurons from the head of the caudate nucleus. Also, lesions at this stage extended to involve the body of the nucleus. In the head of the nucleus, there were still numerous gitter cells and the neuropile contained large irregularly shaped cavities resulting from the tissue degeneration. Hypertrophied fibrous astrocytes were scattered throughout the lesion. The lesions in the rostral head and body of the nucleus during this stage were similar to those of stage 2. Large numbers of neurons undergoing the ischemic cell change were evident and there were occasional gitter cells and hypertrophied fibrous astrocytes. Even at this advanced stage of degeneration the caudate nucleus bordering the lateral ventricles ( fig. 10 ), and the tail of the nucleus were normal. Occasional large neurons in the former, however, contained cytoplasmic eosinophilic granules. In two dogs during stage 3, the lesion in the putamen consisted only of the intracytoplasmic accumulation of eosinophilic granules in large neurons. The lesion in dog 64015, however, had progressed to severe degeneration similar to that of the caudate nucleus. There were large irregularly shaped cavities within the neuropile, decreased numbers of glia, and almost total depletion of large and small neurons.
Substantia nigra: Gross lesions in the substantia nigra were only detected in stage 3 ( fig. 11 ). They were characterized by elliptical areas of dark discoloration in the pars reticularis and lateral aspect of the pars compacta.
Microscopic lesions during stage I were limited to the accumulation of intracytoplasmic eosinophilic granules in neurons of the pars compacta identical to those described for the large neurons of the caudate nucleus and putamen ( fig. 12 ). These granules were not differentiated by the periodic acid-Schiff or sudan black B stains. and gitter cells were present occasionally in this area and, in dog 63464, there were also small foci of mineralization. The neuropile of the pars reticularis was pale and there was mild astrocytosis. In dog 63464, there was cavitation at the junction of the pars reticularis and crus cerebri that extended to involve the lateral aspect of the pars compacta ( fig. 13 ).These cavities contained gitter cells and there was mild astrocytosis of the surrounding neuropile.
During stage 3, status spongiosus of the crus cerebri persisted and there were also swollen axons in this area ( fig. 14) . Although no active stage of neuronal degeneration was detected in any dog at this stage. there was a striking decrease in the neuronal density of the pars reticularis and the neuropile had a distinctive pallor with mild to moderate astrocytosis.
Other nervous system areas: No gross lesions were detected in any other areas of the brain or spinal cord in dogs examined during this study. Microscopically, there was mild status spongiosus of the crus cerebri, pyramidal tracts, and ventral and lateral funiculi of the spinal cord of affected dogs during stages 2 and 3. In dog ROO189, there was severe status spongiosus with occasional gitter cells and swollen axons in the dorsal acoustic stria unilaterally.
Discussion
Examination of the brains of affected Kerry blue terriers at different stages of the disease revealed a definite pattern of lesion development, both regarding parts of the brain affected and the progression of lesions within specific areas. The sequence in which the different areas of the brain became affected was cerebellar cortex, olivary nucleus, caudate nucleus (and putamen), and finally the substantia nigra. It was concluded that the cerebellum and basal nuclei were the primary areas of involvement with lesions in the olivary nucleus and substantia nigra being attributed to transsynaptic neuronal degeneration. Although the mechanism underlying this type of degeneration is unknown, the degeneration has been postulated to follow loss of neurons with which these cells make synaptic contacts, in this instance the Purkinje cells of the cerebellar cortex and neurons of the caudate nucleus, respectively [I]. These conclusions are in agreement with the original report of the disease [32] but differ from a second report. In the latter study, lesions in the substantia nigra were reported to precede lesions in the caudate nucleus [13] . In the present study, early neuronal degeneration in the caudate nucleus occurred at a time when only status spongiosus was evident in the crus cerebri adjoining the pars reticularis of the substantia nigra. No neuronal loss in the pars reticularis was present until a later stage when there was already striking degeneration of the caudate nucleus.
There is general agreement between the results of the present study and previous reports concerning the character and progression of lesions within individual areas of the brain [12, 13, 32] . Lesions in the putamen, however, have not been reported. Active degenerative lesions occurred in this nucleus in only one dog and the lesions were identical to those in the caudate nucleus. The putaminal involvement in only one dog would suggest that this lesion may be sporadic and would reflect some variability in the neuroanatomic spectrum of lesions in this disease.
No mechanism of neuronal degeneration in the cerebellar cortex and basal nuclei (primary areas of involvement) of the Kerry blue terrier has been determined. The early lesion of ischemic cell change in the caudate nucleus would suggest a hypoxic insult as a possible cause for the neuronal degeneration in this nucleus, but the lesions in the cerebellar cortex cannot be explained on this basis. A second proposal has centered on the concept that the cerebellum and caudate nucleus may share similar biochemical or metabolic characteristics important to the pathogenesis of the disease [13] . Such a biochemical similarity has been shown to exist. Experimental evidence has indicated that the corticostriatal pathway (cerebral cortex to basal nuclei) [16, 22, 30, 41] and the granule cell pathway (granule cells to Purkinje, basket, stellate, and Golgi neurons) of the cerebellar cortex [21, 43, 46] utilize glutamic acid as an excitatory neurotransmitter. Studies in laboratory animals have shown that glutamic acid is neurotoxic at higher than physiologic levels, causing degeneration of neurons bearing glutamic acid receptors [23, 34, 36, 38] . It has been proposed that abnormally high levels ofglutamic acid cause a state of persistent neuronal membrane depolarization which eventually leads to cell death [35] [36] [37] . In the Kerry blue terrier, an alteration in the glutaminergic pathways of the cerebellar cortex and caudate nucleus could lead to such an accumulation of glutamic acid and be responsible for the lesions in this disease.
Further support for this hypothesis comes from experimental studies in laboratory rodents with kainic acid, a potent neuroexcitatory cyclic analog of glutamic acid. When kainic acid is injected into regions of the brain that have glutaminergic innervation, neuronal degeneration occurs by a mechanism similar to the one proposed for glutamic acid [29] . Following intrastriatal kainic acid injection in laboratory rodents, large and small neurons undergo an ischemic type ofdegeneration while glial cells, although vacuolated in the early stages, are spared [9, 11, 19, 45, 47] . In addition, there is severe astrogliosis throughout the area of injection. Intracerebellar kainic acid injections resulted in degeneration of neurons receiving afferents from granule cells (Purkinje, basket, stellate, and Golgi cells) while granule cells usually are spared (21) . Although not identical, the lesions in the kainic acid model and the disease in the Kerry blue terrier arc similar. The ischemic type of neuronal degeneration involving both large and small neurons of the caudate nucleus following kainic acid injection also occurred in the canine disease. In one report, the caudate nucleus immediately underlying the lateral ventricles was spared following intrastriatal kainic acid injection [45] while in another report, neuronal degeneration in the pars reticularis of the substantia nigra occurred seven weeks after kainic acid induced destruction of striatal neurons [25] . Both changes were characteristic of the lesions in the Kerry blue terrier. Differences between the kainic acid model and the naturally occurring disease included the absence of the severe astrogliosis and the limitation of neuronal degeneration in the cerebellum to Purkinje, and to a lesser extent, granule cells-in affected dogs. No reason for the above differences could be determined although there may be certain modifying factors in the naturally occurring or experimental diseases that would alter the morphology of the lesions. It is known, for instance, that there are both low and high affinity uptake systems for glutamic acid by astrocytes in those regions of the brain that have glutaminergic innervation [6, 44] but these systems may not be effective in removing kainic acid from the extracellular space. In addition, kainic acid is a much more potent neurotoxic and neuroexcitatory agent than is glutamic acid [23] .
This proposed pathogenesis for the disease in the Kerry blue terrier is based on an alteration in the glutaminergic pathways in affected areas of the brain. The neuronal degeneration in this disease could be the result of one or a combination of the following abnormalities: increased receptor density on target neurons, increased receptor sensitivity or affinity for glutamic acid, altered uptake and metabolism due to a defect in the astrocytic uptake systems, excessive release of glutamic acid from the afferent pathways, or synthesis of a glutamic acid analog. Since the uptake systems normally are very efficient in removing glutamic acid from the extracellular space (reflected in the high doses of glutamic acid required to induce neurotoxicity in the normal animal) [36, 37] , an alteration in the uptake of glutamic acid would be a plausible explanation. Glutaric acidemia in man is characterized by neuronal degeneration in the caudate nucleus and provides support for the synthesis of a glutamic acid analog cited above [26] . In this disease, a defect in the metabolism of glutaryl-CoA and possibly glutaconyl-CoA leads to excessive production of glutaric acid which has a structure similar to glutamic acid. It was postulated that the accumulated glutaric acid stimulated neuronal glutamic acid receptors leading to neuronal degeneration.
The disease in the Kerry blue terrier resembles several diseases of man, with two being quite similar. Human cerebello-olivary degeneration is characterized by severe loss of Purkinje cells in the superior portions of the vermis and hemispheres accompanied by fibrous astrocytosis and gliosis of the molecular layer and minimal granule cell degeneration [33, 39] . In addition, severe neuronal degeneration occurs in the dorsal and dorso-Iateral aspects of the inferior and accessory olivary nuclei [33, 39] which are areas affected in the canine disease. Huntington's disease is a human neurodegenerative disorder with simple autosomal dominant inheritance which most commonly affects individuals during middle age. A wide spectrum of gross and microscopic lesions have been described by several authors indicating some variability in the disease process [2, 3, 5, 17, 18, 24, 40, 42] . The principal lesions are atrophy of the neostriatum due to degeneration primarily of small neurons followed by reactive astrocytosis. Atrophy of the cerebral cortex due to loss of neurons in the deeper lamina occurs often but is variable in extent and severity. In the juvenile and Westphal variants, there is degeneration of both large and small neurons in the caudate nucleus [2, 4, 31] . In a large percentage of juvenile cases, there is also cerebellar cortical atrophy characterized by loss of Purkinje cells, mild loss of granule cells, and astrocytosis of the molecular layer [4, 31] . In addition, neuronal degeneration in the olivary nuclei has been reported [2, 4] . No neuronal degeneration in the substantia nigra has been reported in the juvenile form of the disease, but it has been noted in the adult onset form [2] . As can be seen, the human and this canine cerebello-olivary degeneration are almost identical. In addition, several aspects of juvenile Huntington's disease are similar to the disease in the Kerry blue terrier. The principal differences between Huntington's disease and this neurodegeneration in the dog include the obvious disparity in the type of inheritance (dominant vs recessive), the character of the lesions in the caudate nucleus (atrophy and astrocytosis vs cavitation), and involvement of other brain areas in the human disease (cerebral cortex). Morphologic differences in these diseases may have resulted from the majority of cases of Huntington's disease (including the juvenile variant) being studied after several years of clinical illness while studies of affected Kerry blue terriers have been limited to the more active phases of the disease. One further association between these diseases is the fact that experimental intrastriatal kainic acid injection also duplicates many of the morphologic and biochemical parameters of this disease in man [7, 8, 10, 11, 14, 19, 20, 28] . Based on these studies, an excitotoxic mechanism of neuronal degeneration, similar to the one proposed during this study for the disease in the Kerry blue terrier, has been advanced for Huntington's disease [II, 15, 29] .
